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C H A P T E R - 1 
I N T R 0_D U C T I 0 N 
1 . 1 . a O x i d a t i o n of M e t a l s 
When a m e t a l i s exposed t o oxygen, r e a c t i o n w i l l t a k e 
p l a c e p r o v i d e d t h e oxygen p r e s s u r e i s g r e a t e r t h a n t h e 
p r e s s u r e r e q u i r e d f o r t h e m e t a l o x i d e e q u i l i b r i u m , namely 
and 
M + 1/2 O2 = MO ( 1 ) 
1/2 
( P ^ ) = exp (+ A G ° / R T ) ( 2 ) 
^2 M-MO- ^'^ 
where (Pp. ) i s t h e oxygen p r e s s u r e of t h e m e t a l o x i d e 
^2 M-MO 
e q u i l i b r i u m , ^^OJ^Q i s t h e s t a n d a r d f r e e ene rgy of f o r m a t i o n 
of t h e o x i d e MO, and T i s t h e a b s o l u t e t e m p e r a t u r e . The 
e q u i l i b r i u m oxygen p r e s s u r e f o r most m e t a l s w i t h t h e e x c e p -
t i o n of p r e c i o u s m e t a l s a r e v e r y s m a l l a t t h e t e m p e r a t u r e s 
and c o n s e q u e n t l y t h e thennodynamic c o n d i t i o n s a r e f a v o u r a b l e 
f o r o x i d e f o r m a t i o n i n many gas e n v i r o n m e n t s e n c o u n t e r e d i n 
p r a c t i c e . Oxide s c a l e s a r e t h e r e f o r e d e v e l o p e d upon m e t a l s 
exposed t o oxygen a t e l e v a t e d t e m p e r a t u r e s . When t h e s e 
s c a l e s a r e m a c r o s c o p i c a l l y d e n s e , e x h i b i t p r e d o m i n a n t e l e c -
t r o n i c c o n d i t i o n s and a d h e r e s u n i f o r r a a l l y t o t h e me ta l s u r f a c e , 
t h e o x i d a t i o n r a t e e x p r e s s e d i n t e r m s of spec imen w e i g h t 
change ( t h e o x i d a t i o n may a l s o be e x p r e s s e d i n t e n n s of ox ide 
s c a l e t h i c k n e s s o r t h i c k n e s s of m e t a l consumed) i s g i v e n by 
d (Am/A) K 
= — ^ (3) 
dt Am/A 
where Am is weight change, A is the specimen area, t is 
time and Kp is tne parabolic rate constant. The important 
feature of this relationship is that the oxidation rate 
decreases with time since the oxide scale acts as a barrier 
which inhibits oxidation by separating the reactants. If 
the oxide scale is non protective, it does not inhibit subse-
quent oxidation and the oxidation rate is given by 
d (Am/A) 
= K. (4) 
dt ^ 
where K^ is linear rate constant. The oxides of metal follows 
other rate laws in addition to the parabolic (eqn. 3) and 
linear (eqn. 4) expressions . However, when one is primarily 
concerned with oxidation resistance consideration of these two 
r 
rate laws is sufficient. 
In considering the oxidation of alloys, eqn. (1) and 
(2) must be modified as follows : 
M^ + 1/2 O2 = M^O (5) 
i = 1,2, ... number of elements in alloy 
and 
1/2 exp (+ AG^^O /RT) 
(PQ ) = — ^ ^ (6) 
2 M -^M o^ a^^ 
where d w . i s t h e a c t i v i t y of Mi in the a l l o y . Hence upon 
ejqjosure t o oxygen, oxides of a l l elements i n the a l l o y w i l l 
be formed prov id ing t h e oxygen p r e s s u r e i n the gas i s g r e a t e r 
than the equilibriiom p r e s s u r e def ined by eqn. ( 6 ) . Even 
through numerous oxide phases are u s u a l l y formed upon a l l o y s 
dur ing t h e i n i t i a l s t ages of ox ida t ion , t h e r e i s compet i t ion 
between the elements for oxygen s i n c e some of the oxides are 
more s t a b l e than o t h e r s . Hence i t i s necessary t o cons ide r 
r e a c t i o n s such as 
M-^O + ^2 = M2O + M-,_ (7) 
w i th 
a ^ = exp [(AG°^o - AG°^o /RT)] (8) 
Equation (8) shows t h a t t he thermodynamic cond i t i ons fo r 
oxide formation a r e c o n t r o l l e d by the a c t i v i t i e s of the 
m e t a l l i c components i n t h e a l l o y , t he p r e s s u r e of the oxygen 
i n t h e gas and t n e r e l a t i v e a f f i n i t i e s of the m e t a l l i c 
elements for oxygen. As a r e s u l t of t h i s compet i t ion between 
t h e elements i n t h e a l l o y fo r oxygen, t h e r e i s a tendency for 
the a l l o y even tua l ly t o become covered wi th most thermodyna-
mica l ly s t a b l e oxide. This i s an e s p e c i a l l y f o r t u n a t e 
c i rcumstance because i t pe rmi t s t h e s e l e c t i v e ox ida t ion of 
e s s e n t i a l l y one element i n t h e a l l o y . The oxide s c a l e s 
t h a t a r e formed on a l l o y s a r e very of ten composed of l a y e r s 
with the more thermodynaraically s t ab le oxides close to 
the a l loys . Even when only one oxide scale i s evident upon 
an a l loy , examination of the scale during the very early 
stages of oxidation often shows the formation of the l e s s 
s tab le oxides. The oxidation of al loys often therefore 
cons is t of a t r ans ien t stage during which a var ie ty of oxides 
2 5 are formed. ' This i n i t i a l stage i s followed by another 
s tage where only the thermodynamically s tab le phases continue 
to grow. Kinetic factors play a s ign i f ican t role in de te r -
mining which of the oxide phases continue to grow. 
During the very early stages of oxidation v i r t u a l l y 
a l l oxides are formed. As oxidation continues diffusion 
begins to take place and displacement react ions begin to 
occur. The important diffusion species are oxygen in to the 
al loy and the outward diffusion of elements in the a l loy. 
In case where oxygen diffuses rapidly compared to the 
metal l ic elements, the volume fraction of oxide i s approxi-
mately equal to tha t of the element in the alloy because the 
element i s converted to oxide in s i t u with v i r t u a l l y no 
diffusion. On the other hand, when oxygen diffusion i s slow 
compared to that of elements in the a l loy , the volume 
fract ion of the oxide can be subs tan t i a l ly g rea te r than 
tha t of the element in the al loy because of diffusion of 
the element from the i n t e r i o r towards the oxidation front . 
When the volume fract ion of a given oxide achieves some 
c r i t i c a l value i t i s more favourable t o form addi t ional 
oxide via l a t e r a l growth ra ther than to form new oxide 
deeper within the a l loy, and hence for such c r i t i c a l volume 
fract ions the oxide wi l l then develop a continuous layer 
over the surface of the a l loy . In summary, the development 
of oxides on al loys can be described as sequential process. 
I n i t i a l l y many oxides are formed but then the more thermo-
dynaraically s table phases gradually predominate. In order 
to have t o t a l dominance of an oxide over the surface of the 
a l loy , t h i s oxide must be more s tab le than any other of 
the oxides, and the k ine t ic of formation for t h i s oxide must 
be such tha t l a t e r a l growth i s favoured as opposed to the 
formation of a discontinuous subscale. 
1.1.b Protec t ive and Nonprotective Scales 
Rate of reaction in the l a t e r stages of oxidation 
f depends on whether the thick film or scale remains continuous 
and pro tec t ive as i t grows, or whether i t contains cracks and 
pores and i s r e l a t i ve ly non-protect ive. Because react ion 
product films are usually b r i t t l e and lack d u c t i l i t y , the 
i n i t i a t i o n of cracks depends in some measure on whether the 
film i s formed in tension favouring fracture or in compression 
favouring pro tec t ion . This s i tua t ion in turn depends on 
whether the volume of reaction product i s g rea te r or l e s s 
4 
than the volume of metal from which the product forms. I f 
Md/nraD > 1 (9) 
a p r o t e c t i v e s c a l e forms. 
Where M i s t h e molecular weight and D the dens i ty of s c a l e , 
m and d a r e the atomic weight and d e n s i t y of a metal r e s p e c -
t i v e l y , and n i s the number of metal atoms i n a molecular 
formula of s ca l e subs tance . 
1 .1 .c I n t e r n a l and I n t e r g r a n u l a r Oxidation 
The formation of ox ida t ion produc ts wi th in a l l o y s 
occurs i n two forms, which may be i d e n t i f i e d by t h e terms 
i n t e r n a l ox ida t ion and i n t e r g r a n u l a r ox ida t ion . The terra 
i n t e r n a l ox ida t ion i s c h a r a c t e r i z e d by t h e formation of o x i -
d a t i o n p roduc t s a t a r e a c t i o n f ron t t h a t advances uniformly 
i n t o ' t h e a l l o y , independent of m i c r o s t r u c t u r a l f e a t u r e s such 
as g r a i n boundar i e s . The ox ida t ion produc ts may be p r e s e n t 
as e i t h e r d i s c r e t e p r e c i p i t a t e s or cont inuous rods , p l a t e s 
e t c . In the case of i n t e r g r a n u l a r ox ida t i on , formation of 
ox ida t ion products along a l l o y g r a i n boundar ies occurs t o a 
g r e a t e r depth than in the i n t e r i o r s of the a l l o y g r a i n s . 
Hetrogeneous p r e c i p i t a t i o n of ox ida t ion p roduc t s along a l l o y 
g r a i n boundar ies wi th in the zone of i n t e r n a l ox ida t ion does 
not i n i t s e l f c o n s t i t u t e i n t e r g r a n u l a r ox ida t ion . The 
ox ida t ion p roduc t s i n e i t h e r case may be oxides , s u l f i d e s 
7 
or carbides or combinations of two or more such compounds. 
Formation of both the external and in t e rna l ( in tergranular ) 
oxidation products usually occurs simultaneously. I n t e r -
granular oxidation often accompanies with void formation by 
various mechanism such as vacancy in jec t ion from the sca le , 
the Kirkendall effect and creep-type processes. 
Wagner's c l a s s i ca l model for in te rna l oxidation of 
binary a l loys by a s ingle oxidant , which has been reviewed 
and extended by others ~ provides a valuable basis for 
describing the k ine t ic of in t e rna l oxidation and includes 
several special cases. 
(a) The flux of the solute i s s ign i f ican t r e l a t i v e to 
tha t of the oxidant. 
(b) The f lux of the solute being oxidized i s negl ig ib le 
? 
relative to the flux of the oxidant. 
This model also provides a basis for understanding the 
transition from internal to external oxidation of alloys. 
Wagner was also able to explain quantitatively, based 
on his model for binary alloys, how the addition of a third 
element could promote the formation of an external scale 
Although this model provides some guidelines for understan-
ding the effects of a third element on the transition from 
internal to external oxidation it does not seem to apply to 
8 
a i l cases. A case in point i s the fa i lu re of Mn to 
12 promote external Al^O^ scales on Fe-Al al loys 
Wagner's model does not take in to account the effects 
of a number of var iables that may have an important effect 
on the process of in te rna l oxidation. These include a l loy 
micrestructure (grain s i ze ,d i s loca t ion , densi ty , presence 
of second phase p a r t i c l e s e t c . ) mechanical proper t ies of 
a l loy, the presence of more than one oxidant, and diffusion 
of metal and/or oxidant along al loy/product interphase boun-
dar ies and through the oxidation product i t s e l f . Work by 
15 
Shida et a l . suggests, for example, tha t s t r e s ses generated 
by in te rgranu la r oxidation may f a c i l i t a t e further i n t e rg ra -
nular oxidation by wedging open grain boundaries of a l loys 
that do not eas i ly undergo p l a s t i c deformation. The exact 
mechanism i s , however, not c l ea r and the effects of s t r esses 
on in te rna l and in te rgranular oxidation generally are not 
known. I t has been suggested recently tha t s t r esses generated 
in the zone of in te rna l oxidation of Ag-Pd-In-Sn alloys give 
r i s e to a vacancy flux (Nabarro-Herring Creep) t ha t y ie lds 
a layer of Ag-Pd alloy on the surface of the in te rna l ly 
14 oxidized a l loy . The formation of metal l ic p a r t i c l e s on 
the surfaces of other al loys tha t have experienced in te rna l 
oxidation seems to occur in the absence of s t r e s ses 
17 Whittle e t a l . have developed a quant i ta t ive model 
to account for diffusion of oxidant through an internal 
oxidation zone by more than one path, i.e., diffusion in 
the alloy, diffusion along the alloy/product interphase 
boundary, and diffusion within the oxidation product. It 
appears that interphase diffusion may be a major factor in 
determining the kinetics and morphology of internal oxida-
tion. Interphase diffusion probably also plays a significant 
role in intergranular penetration. 
Very little is known about the mechanism of inter-
granular oxidation. Perhaps this is because it occurs rarely, 
except for oxidation of solutes present in alloy at low concen-
trations. The formation of intergranular silica occurs, for 
example, during the oxidation of stainless steels containing 
less than 1 wt. "/« silicon. The use of very fine grained 
alloys (< 10 /Jm) to promote formation of closed grain 
boundary loops of silica may provide an effective means for 
inhibiting carbon penetration into such alloys. Thus, further 
studies of the mechanisms of intergranular oxidation seem 
T -2 T O 
warranted. The work of Shida et al. has defined a 
significant number of cases of internal and intergranular 
oxidation. The shape morphology, size and disposition of 
f 
oxide precipitates require further understanding, following 
iq 
up the work of Bohm and Kahlweit. 
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1.1.d Oxidation of Iron 
When iron i s exposed to oxygen a t temperatures 
higher than 560°C, a r e l a t ive ly complex react ion system i s 
involved due to tne formation of raultilayered scale compri-
sing of wusti te (FeO), magnetite (Fe,0^) and hematite (Fe^O^). 
20 The Fe-0 diagram (Fig. l . l ) shows that at temperatures 
above 560°C, iron forms three oxides, the lowest valency 
oxide, FeO (wus t i t e ) , has a NaCl type cubic s t ruc ture and 
i s metal def ic ient of the order of 5-12 % of iron vacancies. 
Being cat ion conducting i t grows en t i re ly by the diffusion 
of il^on and appears in the form of innermost layer . The 
second oxide, Fe^O, (magneti te) , has a spinel type s t ruc ture 
and i s an excess oxygen compound. I t grows largely by 
oxide ion diffusion with an appreciable contr ibut ion from 
iron ion diffusion (12y6). The highest valency oxide, 
Fe„0^ (hemati te) , which forms outermost layer of the mul t i -
layer scale has rhombohedral c rys t a l s t ruc tu re . I t i s 
s l i gh t ly oxygen def ic ient , metal excess and largely grows 
by oxide ion diffusion. 
The r e l a t i ve percentage of FeO, Fe^ ^O, and Fe^O, in 
21 the scales vary with temperature (Fig. 1.2), duration of 
oxidation and nature of oxidizing gas. However, above 600°C, 
FeO i s the predominant species and since FeO has more defective 
s t ruc tu re than e i the r of the two oxides, i ron oxidizes much 
13 
more rapidly above th i s temperature. Since the three oxides 
are formed simultaneously upon the iron surface and the 
r a t i o of tMckness of three layers i s reported to be depen-
dent of time and temperature, the mechanism of oxidation i s 
not simple and requires several mechanistic approaches a t 
various stages of oxidation. Below 560°C, FeO i s unstable 
and i f any i s formed above th i s temperature i t decomposes a t 
room temperature in to Fe^O^ plus Fe. 
1.1.e Oxidation of Iron-Base Alloys 
Fai lure of pure iron to form suf f ic ien t ly protec t ive 
oxide layer su i t ab le for p rac t i ca l appl icat ions a t tempera-
tures above 500°C, demands the presence of an alloying 
element which has a higher oxygen a f f in i ty then i ron and 
where oxide grows at a low r a t e . Generally, Cr or in some 
cases Al or Si serve t h i s purpose, and when present in 
suf f ic ien t concentrat ions, p ro tec t ive scales of Cr^O:,, AlpO r^ 
or SiOp are formed exclusively. 
At low alloying concentrat ions, the oxide scales are 
s t i l l s imi lar to those on pure i ron, with the alloying element 
remaining in solution in wust i te and other oxides. The defect 
concentration may be modified, usually increased, resu l t ing in 
change in oxidation r a t e . At higher concentrat ions, the 
composition range of FeO becomes r e s t r i c t ed and eventually 
disappears as a s ingle phase. Compound oxides with spinel 
0 
0.5 h 
t 
^ 1.0 
1.5 h 
Fe 96 92 88 B'* 
^—Wt.V.Fe 
Fig.1.3 Effect of Common alloying elements on oxidation 
of iron23 
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structure are formed of the general type Fe(FeM)0. where 
M is the alloying element. Often these spinels can exist 
over a range of composition and usually their appearance 
in the scale results in a decrease in the overall oxidation 
rate. At higher concentration still a complete selective 
oxidation may occur with a maximum reduction in the overall 
oxidation rate. 
22 
Rahmel proposed a reaction mechanism for the oxida-
tion of dilute binary iron alloys with alloying additions 
which are less noble than iron, e.g., V, Cr, Si and Mo. 
Initially these alloys oxidize like pure iron resulting in 
the formation of iron oxides. Subsequently oxygen dissolves 
in the alloy phase causing internal oxidation, and because 
of the preferential oxidation of iron, the alloying addition 
is enriched at the metal/oxide interface. As the oxide of 
alloying addition is formed, this reacts with FeO to form 
Fe(FeM)0^, giving two phase inner layer. 
Fig. (1.3) shows the effect of common alloying 
25 
elements on the oxidation of i ron. The fac tor F represents 
r e l a t i v e weight increment af ter 4 hrs of oxidation a t 890°C. 
l . f Effect of Alloying Elements 
The effect of d i f ferent alloying elements on the 
oxidation of i ron i s described br ie f ly as follows : 
16 
Sil icon : Addition of 2-3 wt. % or more markedly reduces the 
oxidation ra te of i ron. A SiOp-rich inner layer i s apparen-
t ly formed which r e s t r i c t s the diffusion ra te of Si and 
hinders Fe diffusion through the SiO^ layer . The lower 
Fe-Si a l loys are subjected to in te rna l oxidation. By contro-
l l i n g the oxygen po ten t i a l i n i t i a l l y i t i s possible to 
oxidize Si se lec t ive ly to SiOp a t the surface to form a 
pro tec t ive layer but in normal conditions iron oxidizes as 
w e l l ' t o replace pro tec t ive SiOp by much l e s s protec t ive 
spinel 2FeO.Si02. 
Chromium : The addit ion of small amounts of chromium (< 3 %) 
somewhat increases the oxidation ra te of iron a t l e a s t for 
short exposures, but for longer ejqDosures the ra t e i s 
gradually reduced. The k ine t ics of oxidation i s governed 
by the formation of spinel layer , FeCr„0^ at the base of 
the alloy together with layers of pores. 
At higher chromium contents the oxidation ra te f a l l s 
a t any given temperature. In such al loys a protec t ive scale 
of doped CrpOz i s formed in the i n i t i a l stages but l e s s 
strongly adhered as i n t e r f ac i a l d i scon t inu i t i e s and growth 
s t resses increase . The underlying metal layer , depleted in 
Cr, i s then much l e s s r e s i s t a n t to oxidation and al loy 
subsequently may show breakway oxidation behaviour. 
Nickel : Small addit ions of Ni have very l i t t l e effect on 
17 
t h e o x i d a t i o n r e s i s t a n c e of i r o n . The re i s s l i g h t 
improvement w i t h a l l o y s of h i g h e r Ni c o n t e n t . For example , 
a l l o y w i t h 32-40 % Ni o x i d i z e 30-40 t i m e s l e s s t h a n p u r e 
i r o n o r a b o u t t h e same e x t e n t a s p u r e N i . 
The o x i d a t i o n of Fe-Ni a l l o y s ( c o n t a i n i n g u p t o 36 •/, Ni) 
p r o c e e d s i n two s t a g e s : i n t h e f i r s t s t a g e o x i d e grows due 
t o t h e d i f f u s i o n of Fe "*" i o n s and i n t h e second s t a g e t h e 
d i f f u s i o n of oxygen i s more r a p i d t h a n t h e d i f f u s i o n of c a t i o n 
24 
due t o a c c u m u l a t i o n of Ni a t t h e m e t a l s u r f a c e . Only a l l o y s 
c o n t a i n i n g 42 "/„ o r more N i , were found t o have Ni i n t h e 
25 
s c a l e i n t h e form of a s p i n e l NiFe^O^^ n e x t t o t h e a l l o y . 
The r a t e c o n t r o l l i n g s t e p i n t h e o x i d a t i o n of t h e s e a l l o y s i s 
t h e d i f f u s i o n of c a t i o n s a c r o s s t h e s p i n e l which i s l i k e l y t o 
be l e s s t h a n t h e d i f f u s i o n i n i r o n o x i d e s , and would a c c o u n t 
f o r t h e improved r e s i s t a n c e of t h e s e a l l o y s . 
Tunges tun : A d d i t i o n of W i n i r o n has an a d v e r s e e f f e c t on 
23 t h e h i g h t e m p e r a t u r e o x i d a t i o n r e s i s t a n t p r o p e r t i e s of i r o n . 
T h i s i s ma in ly due t o t h e r e l a t i v e l y low m e l t i n g p o i n t of 
WO3 ( m . p . 1470°C) c a u s i n g c a t a s t r o p i c o x i d a t i o n . S c h e i l l 
o b s e r v e d t h e f o r m a t i o n of d o u b l e ox ide FeO-V/O^ i n a F e - 4 Vo i\ 
a l l o y , t h e compound a c c u m u l a t e s i n t h e i n n e r s c a l e l a y e r and 
t h i s p r o b a b l y r e d u c e s t h e t e n d e n c y of WO^  t o e s c a p e from t h e 
o x i d e l a y e r . S i m i l a r b e h a v i o u r has been obse rved by Mal ik 
e t a l . f o r Fe-5 'A W a l l o y i n t h e t e m p e r a t u r e r a n g e 6 5 0 -
850°C. 
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Titanium : Oxidation res i s tance of iron i s s l i gh t ly 
pet 
improved by the small addit ion of Ti up t o 6 */,. The t i t a -
nium i s found in the form of a double oxide FeO.TiOp near 
the oxide/metal in te r face . 
Vanadium : Vanadium causes adverse effect on the oxidation 
res is tance of iron due to the presence of low melting point 
23 
compound V„Oi- thus causing catastropic oxidation. 
1.1.g Oxidation of Fe-C Alloys 
It is well Known fact that iron containing even 
relatively low carbon contents does not form a sufficiently 
protective scale suitable for practical applications at 
temperatures above 500 C. The presence of carbon in minimal 
amount ( %« 0.1 "/.) is beneficial under high temperature 
f 
conditions but at higher contents the blistering and cracking 
of the otherwise protective scales invariably occur due to 
the evolution of caroonaceous gases. This provides easy 
passage for the transport of oxidizing gases through the 
pores and voids in the scales resulting in direct contact 
between metal and the gas. Consequently the alloy oxidizes 
at a faster rate. At temperatures above 600°C, the oxida-
tion is even faster due to the growth of wustite. 
Numerous studies " have been reported on the 
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oxidation benaviour of iron-carbon a l loys . Wagner gave 
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two general react ion sequences during oxidation of a metal 
carbon al loys : ( i ) diffusion of carbon to the metal /scale 
in ter face where i t reacts with the scale to produce gaseous 
carbon oxides which may accura'olate and cause rupture of the 
1 
scale and ( i i ) diffusion of carbon through the scale to react 
with oxygen at the scale/gas in te r face . The second sequence 
would allow decarburization to take place without scale 
rupture. On the other hand, Langer and Trenkler have 
suggested tha t both carbon and iron may diffuse suf f ic ient ly 
rapidly through the scale to react with the gaseous reactants 
a t the oxide/gas in te r face . 
Malik and Whittle studied the influence of carbon on 
the oxidation behaviour of iron-base al loys in the temperature 
range 600-850°C and under flowing a i r . The oxidation 
k ine t ics was supplemented by t o t a l loss measurements during 
oxidation. The values of parabolic ra te constants , Kp for 
Fe-5M-1.2C follow the sequence 
Fe-Cr-C > Fe-C > Fe-Ti-C > Fe-Ta-C > Fe-Nb-C > 
Fe-V-C > Fe-W-C. 
The order gave an indicat ion about the r e l a t i ve s t a b i l i t y 
of the various carbides towards oxidation. 
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1. 2. a Decarburization. of Iron-Base Alloys 
The carbon loss from the surface layers of al loy in 
presence of an oxidizing atmosphere (wet H^ or Op at low 
po ten t i a l ) i s termed as decarburizat ion. Oxidation of carbon 
i s the most important react ion in s t ee l making because i t 
controls the ra te of production. In some indus t r i a l uni ts 
working under low oxygen poten t ia l atmospheres, the loss of 
carbon may resu l t in unsat isfactory performance of engineer-
ing components. For example, the decarburization softens the 
surface l aye r s , the wear res is tance i s decreased and, in many 
instances there can be a serious drop in fatigue l i f e . 
However the decarburization of s t ee l by wet hydrogen a t high 
temperature i s an accepted technique in research as well as 
in indust ry . For example, t h i s technique i s used commercially 
in processing low carbon s t e e l s for magnetic appl ica t ions . 
59 
I t has been frequently reported ^ tha t the decarburi-
zation of s t e e l s i s g rea t ly enhanced by the presence of water 
vapor in hydrogen. During recent years , the decarburization 
of s t e e l s in low oxygen poten t ia l atmospheres has been a 
subject of in tensive s tud ies . 
At high temperature carbon usually reduces the oxidation 
res i s tance of s t ee l s due to the evolution of oxides of carbon 
which disrupt the otherwise pro tec t ive sca les . However, i t 
could be prevented by introdacing metals which can bind carbon 
2J, 
in the form of s tab le carbides . A pa r a l l e l s i tua t ion a r i ses 
in decarburization too. If the carbon i s present in the 
matrix as s tab le carbide dispersion tnen most probably the 
carbon loss due to decarburization can be prevented or can 
be reduced t o the maximum extent . Very l imited a t t en t ion has 
been paid on t h i s aspect of the problem and scant information 
i s ava i lab le regarding the role of carbides during decarburi-
zat ion. The decarburization study of iron-base al loys con-
ta ining carbide dispersion in Hp/HpO atmospheres i s thus an 
in t e r e s t i ng area of research l i k e i t s oxidation counterpart . 
Moreover, such study would be helpful in comparing the oxida-
t ion and decarburization capabi l i ty of the al loy with the 
same phase s t ruc tu re in the oxidising and decarburizing 
condi t ions. Since i t i s not surpris ing i f an indus t r i a l al loy 
subjected to high temperature oxidation conditions could also 
be used under decarburizing atmospheres. 
The decarburization of iron carbon al loys depends upon 
special factors namely 
i ) temperature 
r 
ii) nature of the gas used for decarburization 
iii) carbon content 
iv) period of decarburization 
v) number and nature of the phases present at the 
decarburization temperature 
1000 
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Fig, 1.^ Carbon concentration prof i l e in a f l a t 
p la te of low carbon s t ee l a f t e r p a r t i a l 
decarbuiuzacion a t temperatures between 
727° and 905°C. 
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vi ) r a t e of scaling i f any 
v i i ) nature of the al loying elements i f any 
1.2.b Mathematical Evaluation of Decarburised Layer 
Thickness 
Preliminary ca lcula t ions on the low carbon portion 
of the Fe-C phase diagram (Fig. 1.4) show tha t the c r i t i c a l 
temperature i s in between 727° and 905°C. In t h i s range, 
the a l loy contains two phases during heat treatment, f e r r i t e 
41 and aus t en i t e . Decarburization therefore occurs by the 
process termed diffusion accompanied by a phase change' . 
For intermediate stages of decarburization, the carbon concen-
t r a t i o n p ro f i l e in a f l a t p l a t e i s shown in Fig. 1.5. The 
carbon content increases l i n e a r l y from zero a t the surface 
to a value, Cg, a t the two phase boundary. Cg i s known from 
the phase diagram (Fig. 1.4). At the in te r face where x = S, 
the carbon content increases to Ci, the i n i t i a l concentration 
in the a l loy. 
42 Smith has derived an equation which describes the 
ra te of movement of the boundary. With a rearrangement of 
terms, Smith's equation may be wri t ten as follows : 
§ 6 DCg 
t 5Cj_-2Cg 
wnere D i s the diffusion coeff ic ient of carbon in a i ron and 
; J^^Y orX^fe^C ox oL* FejC 
or 
r or 
r(Fe3C) 
Fig. 1,6 Decarburization of s t e e l . 
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t i s the react ion time in seconds. 
The average concentration in the specimen, C, can be 
evaluated as a function of I by in tegra t ing under the carbon 
concentration p rof i l e in Fig. 1.5. 
Wagner ' derived mathematical equations for evalua-
t ing decarburized layer "thickness in s t e e l with respect to 
the number of phases present a t the decarburization temperature. 
If decarburizat ion of a s t ee l involves two phases a t the given 
temperature then the following three cases are possible 
(Fig. 1.6). 
( i ) A sample having a composition within the a + V f ie ld 
and in the temperature range 723 to 910°C, i s exposed 
to a decarburising atmosphere so tha t only a-phase i s 
s tab le a t the surface ; 
( i i ) A s t ee l sample with a composition in the ( if + Fe^ C^) 
f i e ld decarburized by an atmosphere in which aus ten i te 
with a def in i te carbon concentration i s s table 
(especia l ly 910°C) ; 
( i i i ) A s t ee l with a composition (a -*• Fe,C) below 723°C 
decarburized by an atmosphere in which only a-phase 
i s s t ab le . 
At the dis tance x = ^ (depending upon time, t ) the concentration 
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of carbon in the surface reaches the limit of existence 
with the second phase present in the bulk alloy. 
In deriving an equation for calculating the decarburi-
zation layer thickness, Wagner made the following assumptions : 
(i) the diffusion coefficient is independent of concentra-
tion, 
(ii) due to the high rate constants for phase boundary reac-
tions the partition equilibria are virtually established, 
and 
(iii) heterogeneous region of the sample can be characterized 
by its average concentration. The equation is applicable 
only to dilute solutions particularly to Fe-C system 
and can be represented as 
C - C 2 
-~ = 7^1 r e*^ . erf r (10) 
^ -^o 
where, C is the equilibrium concentration of carbon between 
the surface phase and the other phase in the bulk alloy. C 
and C are the initial and surface concentrations, respective-
ly. 7 is the dimensionless parameter to be defined as 
I = r 2 ,fDt (11) 
i is'the decarburized layer thickness in time, t and D is 
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the diffusion coeff ic ient of carbon in the surface phase. 
From equation (10) the unknown parameter, t can be 
determined by p lo t t ing r ight hand member as a function of 
1. The value of T, for unknown value of l e f t hand member can 
be read. 
Wagner a lso derived an equation applicable to decar-
bur izat ion process involving a conversion of one phase in to 
another phase. For example, between 723 and 910°C a sample 
concaining -phase i s decarburized so a phase i s formed at 
the surface. 
In a decarburizing atmosphere consis t ing of Hp and 
HpO flowing over with such a ra te that no CO accumulates then 
the a c t i v i t y of carbon at the surface can safely be assumed 
as equal to zero. 
The parameter r can be determined by the r e l a t ion 
C - C ^ ( r ) C^^°^^- C 
-§ 2 ~ = ( C ^ r ) - C ^(a)) ^ - - 2 ^12) 
4TI r e . erfr jir y e T erf T 
where X' = D JYT and i i s defined by the equation (11). 
Birks considered decarburization with simultaneous 
scaling at temperature above 910°C when the s t ee l remains 
Fig. i . 7 Model for decarburization 
above 910°C 
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aus t en i t i c through and decarburization model can be represen-
ted as given in Fig. 1.7. 
Two simultaneous processes are in progress : the alloy 
surface i s continual ly oxidized to form a scale while carbon 
i s oxidized to form CO and COp, the scale i s permeable to 
these gases which escape to the atmosphere. The carbon concen-
t r a t i o n p ro f i l e in the metal var ies from lov/ surface concen-
t r a t i o n to the or iginal carbon content within the metal. 
At a time t , scal ing has consumed a thickness X of 
metal. To ca lcu la te the depth of decarburizat ion, Birks 
applied Pick 's Second Law to determine the d i s t r ibu t ion of 
carbon in the metal. 
(13) 
C = Co for X > 0 ; t = o (14) 
, C = Cs for X = X ; t > o (15) 
Assuming that (i) decarburization does not extend to 
the centre of the specimen (ii) diffusion coefficient of 
cariDon in austenite phase is independent of composition and 
(iii) enhanced diffusion down to grain boundaries is neglected, 
the solution of equation (13) at constant temperature reads : 
do d^c 
— = D 
^^ dx2 
f o r x > X 
3Q 
C - C erf [ 13 /DT "J 
- ^ - = — ^ K 1/2 ^^^^ 
o s e r f L — J 
^ 2D 
2 
Kc i s co r ro s ion c o n s t a n t and defined as Kc = X- / 2 t . 
Equation ( I6 ) g ives the carbon con ten t of the metal phase 
(x > X) as a funct ion of time and p o s i t i o n . 
1 .2 .c Decarbur iza t ion y^ithout Sca l ing 
Grabke and Tuber s tud ied the d e c a r b u r i z a t i o n k i n e -
t i c s , of a and i ron in HpO-Hp mixtures i n the tempera ture 
range between 6OO and 1000°C by r e s i s t a n c e r e l a x a t i o n measure-
ments on 10 jam t h i ck i r o n f o i l s . The d e c a r b u r i z a t i o n proceeds 
predominant ly according t o 
[C] + {H^O} = {CO} + [H2J (17) 
[C] + 2{H2} = {CH^} (18) 
t h e r e a c t i o n according to equat ion (18) can be neg lec ted a t 
Po r/Pu ^ 0 . 0 1 . The k i n e t i c s i s governed by the supply and 
t h e d i f f u s i o n of HpO i n the gas phase or wi th low carbon 
c o n c e n t r a t i o n s and high gas v e l o c i t i e s by the sur face r e a c t i o n . 
To e s t a b l i s h t h e r a t e law of the r e v e r s i b l e r e a c t i o n : 
{CO} i- {H^} ^ [C] . {H2O} (19) 
The r a t e then reads 
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P.n O - C ^ P H ^ / P H . 
^ =, K "^ K ^^ ^ (20) 
l^^o PH2C/PH2 ^^^o PH2/PH2 
I t shows that the elementary step {CO} = [C] + 0 ^ i s ra te 
con t ro l l ing , whereas the average with adsorbed oxygen i s 
adjusted by the equilibrium {H^O} = {H} + 0 ,. The r eac t i 
ad- on 
(19) i s very fas t as compared with decarburization by CH/^ -Hp 
mixtures, the k ine t i cs and the steady s t a t e carbon ac t iv i ty 
are mainly governed by the react ion (19). 
Gosh studied the k ine t i cs of decarburization of 
Fe-C melts (4 .0-0 .2 'A C) a t temperatures 15^5, I60O and 
1650°C under p a r t i a l pressures of oxygen of 0.25 atm and 1.0 ' 
atm. I t was observed that the ra te of decarburization was 
not effected by temperature a t 1.0 atm. cf oxygen at flow 
ra tes of 6.0 and 8.3 Vniin. However, the ra te was found to 
increase with temperature a t 0.25 atm. of oxygen. The effect 
of the amount of Fe-C al loy on decarburization ra te was a lso 
inves t iga ted . He reported tha t the weight of melt does not 
appear to effect s ign i f i can t ly the ra te of carbon decrease 
a t 0.25 atm. of oxygen. Further more, the amount of l iqu id 
s tee l af fects the induction s t i r r i n g of the melt but does not 
affect r a t e of carbon decrease. He also studied the k ine t i cs 
of decarburizat ion of l iqu id Fe-C melts (O.l and 0.07 7o C) 
a t temperatures between 1550 and I65O C, under a p a r t i a l 
pressure of 0.25 atm. of oxygen. The flov/ r a t e was maintained 
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at 8.3 Vnain. Increase of temperature appears to increase 
the ra t e of decarburizat ion. The ra te of decarburization was 
independent of p a r t i a l pressure of oxygen and the flow ra te 
of the oxidizing gas atmosphere. The ra te of carbon decrease 
was found to increase as the s ize of the melt was reduced. 
On the basis of these observations, he concluded that the 
diffusion of carbon in the melt i s the r a t e control l ing s tep . 
48 Grievson studied the k ine t i cs of decarburization of 
Fe-0.98 % C al loy at 1000°C in low oxygen poten t ia l atmospheres 
and pure hydrogen. The r e su l t s of decarburization in pure 
hydrogen ind ica te that reaction follows a l i n e a r r a t e law 
unt i l the carbon concentration in the specimen was reduced to 
about 0.5 %, below 0.5 Vo leve l the react ion ra te was found to 
be dependent on carbon concentrat ion. 
With H2O-HP mixtures, a rapid increase in react ion 
ra te i s observed so tha t react ion becomes diffusion control led 
I 
for water vapour p a r t i a l pressure a t 0.5 mm or above. Similar 
react ion ra tes were observed for various water vapour-hydrogen 
r a t i o s un t i l a water vapour pressure of about 20 mm. Above 
200 mm of water vapour p a r t i a l pressure, a reduction in reac-
t ion r a t e i s observed and decarburization react ion becomes 
chemical react ion control led . The authors suggested that the 
r a t e contro l l ing mechanism involves the d issoc ia t ion of an 
* • 
act ive complex [H^Oj , and oxygen absorption i s important 
3^ 
since surface act ive s i t e s are avai lable for absorption of 
water vapour. After long reaction times, the decarburization 
ra te ceases to be l i n e a r indicat ing the equivalence of the 
chemical react ion ra te and diffusion control ( a t low carbon 
concentra t ion) . 
Swisher determined the optimum temperature for 
decarburizing low carbon s t e e l s in wet hydrogen for a l loys 
containing about 0.1 V, C. He found 813°C to be idea l ly 
sui ted for maximum decarburizat ion. 
1.2.d Decarburization with Simultaneous Scaling 
50 Trenkler et a l studied the decarburization behaviour 
of Fe-C and Fe-C-X alloys with simultaneous scaling of the 
metal surface in the temperature range of 90O-1200°C using 
flue gas (15 7. CO2 + 10% H2O + N^). The al loying element 
was e i t h e r a carbide former e .g . , Cr, W, V and Mo or Si 
and Ni which increases the a c t i v i t y of carbon in the "if-phase. 
For p la in iron carbon a l loys , the depth of decarburized layer 
increases with time and temperature a t corresponding carbon 
contents . Increasing the alloy carbon content , otherwise 
under s imilar condit ions, produces only a l imited increase 
in the t o t a l decarburized depth, but a la rge increase in 
the apparent decarburization under comparable condit ions, 
the thickness of the oxidized metal decreases with carbon 
5^ 
content, whils t tne decarburization depth increases , from 
which i t follows tha t decarburizat ion and oxidation follow 
di f ferent r a t e laws. 
I t can be assumed that the carbon exchange at the 
raetal/gas, and in p a r t i c u l a r a t metal /scale in ter face has a 
la rge influence on the carbon l o s s . I n i t i a l l y , the carbon 
present over the en t i re sample surface can be l o s t without 
any diffusion, and the decarburization proceeds rapidly. 
As oxidation commences, the area avai lable for carbon loss 
decreases, and more carbon i s t ransported to the in ter face 
by surface and volume diffusion than can be oxidized. As 
oxidation proceeds and the scale increases in thickness , 
re lease of the gaseous reaction product and ingress of oxidi-
sing gases through the scale are ce r t a in ly hindered. 
The addition of alloying element Cr, V, Mo and W does 
not show any s igni f icant effect on the ra t e of decarburiza-
t ion when compared with corresponding Fe-C a l loys . Si and 
Ni addit ions increase the carbon a c t i v i t y in 'iT-phase, and 
thus only V-phase i s found in the decarburized s t a t e . With 
low ifilicon addit ions ( upto 0. 4'/«) the apparent decarburiza-
t ion i s only t r i v i a l l y grea ter than with pure Fe-C al loys 
and the Si content remains unaltered in the decarburized 
zone. With higher s i l i con contents , a de f in i t e s i l i con 
enrichment a t the surface was observed and with a high 
3^ 
s i l i con contents (4.2 Vo S i ) , a s ign i f i can t ly more rapid 
increase of surface carbon i s noticed in comparison with 
corresponding iron-carbon al loys resu l t ing in a g rea te r de-
carbur izat ion r a t i o i f compared witn corresponding Fe-C a l loy; 
exceptional behaviour may be expected only in those cases 
where abnormal change in scaling ra te takes place, 
1.2.e Effect of Alloying Elements 
The addition of alloying elements can effect the 
decarburization by influencing ( i ) f e r r i t e - a u s t e n i t e t r a n s -
formation temperature ( i i ) the ac t iv i ty of carbon in solut ion 
( i i i ) the diffusion coeff ic ient of C in solut ion and ( iv ) the 
45 scaling cha rac t e r i s t i c of i ron. Birks considered the 
following general cases : 
(a) If the alloying element i s nobler than i ron, e .g . , 
Ni, Cu, Sn, e t c . , the d i s t r ibu t ion of the element in 
the matrix i s not expected to be changed due to the 
absence of sca le . 
(b) When the alloying element i s l e s s noble than i ron, 
then p o s s i b i l i t y of in te rna l oxidation a r i ses and an 
external oxide scale may also be formed under circums-
tances which are normally protec t ive to i ron . If 
e i the r type of oxide formation occurs, the concentra-
t ion of alloying element i s reduced at the metal 
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surface, and. so the effect on decarburization beha-
viour will be reduced. If the scaling rate (due to 
formation of external scale) is increased, then in 
absence of other factors, the observed depth of 
decarburization will be reduced. 
(c) When alloying element is a carbide former then the 
decarburization mechanism also involves the dissolution 
of carbide particles in the matrix. The decarburiza-
tion might be accelerated if oxidation of alloying 
element occurs, since then both this element and carbon 
are continually being removed from solution in the 
matrix. 
The effect of some common alloying elements are as 
follows : 
(i) Nickel : It concentrates at the scale/metal interface 
and, though the scaling rate may not be greatly 
affected, the solubility of carbon in the surface 
layers may be reduced thus restricting carbon diffu-
sion outwards and reducing the depth of decarburization. 
(ii) Silicon : This element concentrates in the scale and 
forms FeO.SiOp, fayalite which reduces the scaling 
rate. This should lead to deeper observed decarburi-
zation. Si also increases the activity of carbon and 
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therefore increases the tendency of carbon to 
diffuse out to the scale/metal interface. Thus the 
general effect of Si is to increase decarburization. 
(iii) Chromium : In general, the presence of chromium 
reduces the scaling rate. The formation of stable 
carbide (Fe, Cr)yC:z introduces the possibility of a 
slow carbide decomposition step into the mechanism. 
At decomposition temperatures, due to almost complete 
solubility of carbides in the matrix the activity of 
carbon will be reduced resulting in the reduction of 
the diffusion rate to the surface. Therefore, there 
are two conflicting factors. The lower scaling rate 
would tend to increase the observed decarburization 
whereas reduction of carbon activity would tend to 
lower it. The latter factor may perhaps be expected 
to predominante and reduce decarburization. 
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Statement of the Problem 
The work described in t h i s d i s se r t a t ion includes the 
following s tud ies : 
( i ) Oxidation kinet ic measurements for Fe-C (C i s 0.1 */«, 
O.k'/o and 1.2 % by weight) a l loys , comercially chromium-
Nickel aus ten i t i c s t ee l s ( A I S I - 3 0 1 , -304, -321, -3^7, 
and MA-956) and iron-metal carbide dispersed a l loys 
(where metal carbide i s TiC, VC, Cr^C,, ZrC, NbC, TaC, 
MoC, HfC, WC or Fe^ ^C) fabricated by compacting and 
s in ter ing techniques. The oxidation k ine t ic experiments 
were carr ied out in the temperature range of 700-1000 C 
in flowing a i r . 
( i i ) The decarburization s tudies of above mentioned al loys 
in H2(g)/H20 at 900°C for 2-6 hours. 
( i i i ) The oxidation k ine t ic s tudies of the decarburized al loys 
a t 900°C for 6-12 hours, 
( iv) Morphological s tudies of oxidized/decarburized/ 
decarburized-oxidized a l loys . The s tudies have been 
carr ied out by applying the techniques of opt ical 
metallography and Scanning Electron Microscopy, 
C H A P T E R- I I 
E X P E R I M E N T A L 
2 . 1 . a Alloys Used 
Model alloys of Fe-C (C is 0.1, 0.8 and 1.2 weighty.) 
were prepared by melting in a high frequency induction 
furnace under a vacuum of 10 -10 torr followed by casting 
into ractangular cross section molds (courtesy : University 
of Liverpool, England). These alloys were used for various 
studies i.e. oxidation, decarburization and oxidation of 
decarburized alloys. 
2.1.b Passes Used 
Hp(g) saturated with water used for decarburization 
experiments. By passing through a mixture of oxalic acid/ 
_ o 5 
oxalic acid dehydrate at 25 C, a ratio of P^^ n^^u = ^  x 10 
is obtained in the flowing gas which corresponds to an oxygen 
—19 o 
pressure P„ =10 ^ bar at lOOO C. Pure argon (99.9 'A) was used 
^2 
for flushing the apparatus before and a f t e r the decarburiza-
used 
t ion runs. Air or pure Op (99.9 A) was^for oxidation s tud ies . 
2.1.c Preparation of the specimens 
The specimens used for the experiments were cut from 
tne cas t blocKs to the approximate dimensions 25 x 5 x 1 mm 
using a s i l i con carbide s l i t t i n g wheel, A 0,4 mm suspension 
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hole was made near tne middle of one end of the specimen. 
Tne specimens were then abraded v/ith 130- and 320- SiC 
papers and given a heat treatment in a vacuum furnace a t 
900 C for homogenization, removing in t e rna l s t r esses and 
producing the required s t ruc tu re . After heat treatment, 
the specimens were abraded on 600- grade SiC paper. The 
specimens were then careful ly washed and degreased by CCl, 
and alcohol. 
2 .1.d Apparatus Used_for Kinetics Studies 
The k ine t i c s measurements were car r ied out by a 
laboratory fabricated he l i ca l thermal balance ( s e n s i t i v i t y 
_+ 0.5 mg) equipped with a cathetometer (Fig. 2 .1 ) . The 
specimens were suspended in the react ion tube to a quartz 
helic through a quartz f ib re , with a platinum loop at the 
end. After the balance had been poised, the hot furnace 
(a t required temperature) was raised around the sample and 
oxidat ion/decarburizat ion commenced. 
2 . 1 . e Oxidation Kinetics 
The oxidation k ine t ic measurements were carr ied out 
a t four d i f ferent temperatures i . e . 700, 800, 900, 1000°C 
in a i r for 2^ hrs . 
Ul 
2 . 1 . f Decarburization Studies 
The decarburization s tudies of Fe-C alloys was 
done in Hp(g) saturated with water flowing at a r a t e of 
100 ml/min through a mixture of oxalic acid/oxal ic acid 
dehydrate for 2-3 hrs in the same apparatus used for oxida-
t ion s tud ies . 
2.1.g Oxidation Kinetic Measurement for Decarburized Alloys 
The oxidation k ine t ic of decarburized al loys was 
car r ied out a t 900 C in a i r for 6 hrs using the same apparatus 
as tha t used for previous oxidat ion/decarburizat ion s tudies . 
2 . 1 . h Metallographic Studies 
The oxidized, decarburized and decarburized-oxidized 
specimens were mounted using Araldi te as a cold se t t ing res in . 
The mounted specimens were hand abraded on 180-, 330- and 600-
grade s i l i con carbide papers were polished sequential ly with 
AO iu, 8 /U, 6 yu and 1 ja grade diamond pastes using refined 
mobile o i l as a lapping l iqu id . Metallographic examination 
of polished cross-sec t ion of the specimens was carr ied out 
using a Lietz Metallux-2 photoraetallurgical microscope. 
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RESULTS 
2 . 2 . a O x i d a t i o n K i n e t i c s 
T y p i c a l w e i g h t g a i n v s t ime c u r v e s f o r t h e o x i d a t i o n 
of p l a i n c a r b o n s t e e l s a r e shown i n F i g . 2 . 2 . A l l s t e e l s 
2 
o x i d i z e d a t a much s l o w e r r a t e t h a n p u r e i r o n . The ( w t . g a i n ) 
v s t i m e p l o t s a r e shown i n F i g . 2 . 3 . The w e i g h t g a i n vs t i m e 
p l o t s a r e p a r a b o l i c and ( w t . g a i n ) v s t ime p l o t s a r e l i n e a r 
i n d i c a t i n g t h e d i f f u s i o n c o n t r o l l e d g r o w t h of o x i d e s c a l e s . 
The v a l u e s of p a r a b o l i c r a t e c o n s t a n t s , Kp a r e l i s t e d i n 
T a b l e 2 . 1 . F i g u r e 2 . 6 p r e s e n t s A r r e h e n i u s p l o t s f o r t h e 
o x i d a t i o n of Fe-C a l l o y s and Tab le 2 . 3 l i s t s t h e v a l u e s of ' 
a c t i v a t i o n e n e r g i e s . F i g u r e 2 . A- shov/s t y p i c a l w e i g h t g a i n 
v s t i m e p l o t s f o r d e c a r b u r i z e d - o x i d i z e d p l a i n c a r b o n s t e e l s . 
( w t . g a i n ) v s t i m e p l o t s a r e l i n e a r a s shown i n F i g u r e 2 . 5 . 
T a b l e 2 . 2 l i s t s t h e p a r a b o l i c r a t e c o n s t a n t s , Kp' f o r v a r i o u s 
Fe-G a l l o y s . 
2 . 2 . ^ M e t a l l o g r a p h i c S t u d i e s 
F i g u r e s 2 . 7 and 2 . 9 show t h e o p t i c a l m i c r o g r a p h s of 
a c r o s s - s e c t i o n of Fe-C a l l o y s o x i d i z e d a t v a r i o u s t e m p e r a t u r e s 
i n a i r f o r 2k h r s . The s c a l e s a r e s e p a r a t e d from t h e a l l o y 
due t o d e c a r b u r i z a t i o n . There a r e t h r e e d i f f e r e n t p h a s e s i n 
t n e s c a l e s , A r e l a t i v e l y t h i n i r r e g u l a r l a y of w u s t i t e i s 
i n v a r i a b l y p r e s e n t . Due t o s e p a r a t i o n a n d / o r d i s r u p t i o n of 
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the sca les , the wusti te (FeO) scales would come in to 
contact with a i r and oxidized to higher oxides of i ron Fe^O^ 
and Fe„0-:. The pla in carbon s t ee l s show a well defined 
decarburized layer and an increase in the f e r r i t e contents 
of the alloy (Fig. 2 .11 , 2.14) . The thickness of decarbu-
rized l aye r increases as the amount of carbon in the al loy 
increases . Figures 2.12, 2.15 show the opt ical photomicro-
graphs of decarburized and oxidized Fe-C a l loys . The oxides 
formed on the al loys under these conditions are s imi lar to 
those obtained in undecarburized-oxidized al loys though 
more th icker , porous and f rag i l e . The porosi ty and f r a g i l i t y 
of the scales are perhaps responsible for higher oxidation 
r a t e s . 
kU 
DISCUSSION 
The presence of carbon g r e a t l y lowers the ox ida t ion 
r a t e s of the a l l o y , however, the dependence on carbon content 
i s some what complex. Considering the ox ida t ion of p l a i n 
carbon s t e e l s , a t 700°C, Fe- 1.2 C a l l o y has the h ighes t 
ox ida t ion r a t e and 0.1 Vo C a l l o y has the lowest ox ida t ion 
r a t e . However , a t h igher t empera tu res , the s i t u a t i o n i s 
reversed and 0.1 % C s t e e l has the h ighes t ox ida t ion r a t e s . 
Although a t a d e f i n i t e t empera tu re , t he ox ida t ion r a t e s a re 
s i m i l a r a t vary ing carbon c o n t e n t s , bu t even then t h e beha-
v iou r can be s a t i s f a c t o r i l y expla ined on the b a s i s of phase 
s t r u c t u r e and morphology of the s c a l e s . At 700°C t h e a l l o y • 
s t r u c t u r e c o n s i s t s of a - f e r r i t e i n case of 0 .1 % C and a + Fe^ C^ 
a t h ighe r carbon c o n t e n t . A tempera tures i n the range of 
800-1000°C, the s t r u c t u r e s a r e a t- r ( 0 . 1 % C), 7 ( 0 . 4 and 
0.8 V« C) and r + Fe^C (1 .2 % C). At low tempera ture (700°C) 
t h e r e i s a s u f f i c i e n t carbon a v a i l a b l e for d e c a r b u r i z a t i o n 
i n case of 1.2*/. C and t h e r e f o r e , t h e ox ida t ion r a t e i s 
h i g h e s t . However, a t h igher tempera tures t h e presence of 
Fe C i s perhaps r e s p o n s i b l e for lower ox ida t ion r a t e s of high 
carbon a l l o y s . 
The morphological f e a t u r e s of the s c a l e s on p l a i n 
carbon s t e e l s a re s i m i l a r . The s c a l e s a r e separa ted from 
t h e a l l o y due to d e c a r b u r i z a t i o n . A r e l a t i v e l y t h i n l a y e r 
of w u s t i t e i s i n v a r i a b l y p r e s e n t . Due to s epa ra t i on and /or 
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disrupt ion of the sca les , the wusti te (FeO) scales would 
come in to contact with a i r and oxidized to higher oxides of 
iron : e^^ ^O^ and Fe„Oz. The copious oxide scales containing 
Fe^ zO^ and Fe20:, are found. Due to disrupt ion or cracking of 
the sca les , fresh alloy surface conies in to contact with a i r 
and oxide growth on al loy i s r a t e contro l l ing factor . After 
suf f ic ient exposure time, the healing of the disrupted scales 
i s not ruled out. The outer scales are porous due to evolution 
of carbonaceous gases. The subst ra te shows dispersion of 
cementite (Fe,C) in a f e r r i t e matrix. 
The decarburization of plain carbon s t ee l s in Hp/H„0 
atmosphere follows a parabolic r a t e law. The morphology of 
the decarburized al loy ind ica tes the presence of a well defined 
decarburized layer . The decarburization ra tes are found to 
increase with increasing carbon content and temperature'. 
Considering the oxidation of decarburized pla in carbon 
s t e e l s a t 900°C; the oxidation ra te of the decarburized alloy 
increases with increasing carbon content of the alloy and this 
s i t ua t ion i s en t i re ly d i f fe ren t from that of the oxidation of 
undecarburized al loy. In undecarburized alloy at 900 C, the 
oxidation ra te i s maximum for 0.1 % C al loy whereas in 
decarburized alloy the oxidation ra te i s lowest. Further-
more, the oxidation ra tes of the decarburized al loys a t 0.1 Vo, 
and 1.2% C leve l s are much lower than the undecarburized 
^ 
a l loys . The metallographic s tudies show the oxidation of 
f e r r i t e layer of decarburized a l loy . The scales are 
separated from the al loy matrix p a r t i a l l y due to decarbu-
r i za t ion and p a r t i a l l y due to polishing a r t i f a c t s . The 
matrix of the oxidized-decarburized al loy show the d isper-
sion of carbide although in coarsed and polygonal shape. 
Due to diffusion of iron and simultaneous decarburizat ion 
the matrix i s depleted in dissolved carbon (or f e r r i t e ) 
and cementite seem to be the dominant and d i sc re t e phase. 
Since the cementite dispersion acts as a obstacle for 
t ransport of iron during oxidation the oxidation ra tes of 
decarburized s t ee l s are lower than undecarburized s t e e l s . 
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Table 2 .2 
Pa rabo l i c r a t e c o n s t a n t s fo r t he ox ida t ion of decarbur ized 
Fe-C Alloys 
Kp^ , kg^.m" .s"-"- X 10~-'-° 
S.No. Alloy 
900°C 
1 . Fe-O.lC 15970 
2. Fe-0.8C 55550 
3. Fe-1.2C 555550 
Table 2 .3 
Valines of Ac t i va t i on energy fo r the ox ida t ion of Fe-C S t e e l s 
c M^  .-,-i^„ Ac t iva t i on energy 
S.No. Alloy KCal/mole 
1. Fe-O.lC 5.59 
2 . Fe-0.8C 4.39 
3. Fe-1.2C 4.31 
9^ 
FIGURE CAPTIONS 
Fig. No. 
2.1 Schematic diagram showing the apparatus used for 
oxidation and decarburization experiments, 
2.? Weight gain vs time plots for the oxidation of 
Fe-C alloys at 700, 800, 900 and 1000°C for 24 
hours. 
2.3 (weight gain) vs time plots for the oxidation of 
Fe-C alloys at 700, 800, 900 and 1000°C for 24 
hours. 
2.4 Weight gain vs time plots of Fe-C alloys decarbu-
rized for 2-3 hrs. followed by 5 hrs, oxidation. 
2 
2.3 (weight gain) vs time plots of Fe-C alloys 
decarburized for 2-3 hrs. followed by 6 hrs. 
oxidation. 
2.6 Arrhenius p lo t s for the oxidation of Fe-C a l loys . 
2.7 Optical photomicrograph of the cross-sec t ion of 
oxidized Fe-1.2 Vo C al loy at 900°C for 24 hours. 
(200 x) 
2.8 Optical photomicrograph of the cross-sec t ion of 
oxidized Fe-O.SVp C al loy a t 800°C for 24 hours. 
(200 x) 
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F i g . No. 
2.9 Optical photomicrograph of the cross-sect ion of 
oxidized Fe-0.1 % C al loy a t 800°C for 24 hours. 
(200 x) 
2.10 Optical photomicrograph of the cross-sect ion of 
p la in Fe-0.1 Ve C al loy. (100 x) 
2.11 Optical photomicrograph of the cross-sect ion of 
decarburized Fe-0.1 7<, C al loy a t 900°C in H2O/H2 
mixture for 2-5 hours. (100 x) 
2.12 Photomicrograph of Fe-0.1 % C decarburized for 
2-3 hrs . followed by 6 hrs . oxidation at 900°C. 
(100 x) 
2.13 Optical photomicrograph of the cross-sect ion of 
pla in Fe 0.8 % C al loy. (200 x) 
2.14 Optical photomicrograph of the cross-sec t ion of 
decarburized Fe-CS'/o C al loy a t 900°C in H2O/H2 
mixture for 2-3 hours. (200 x) 
2.15 Photomicrograph of Fe-0.8V»C al loy decarburized 
for 2-3 hrs . followed by 6 hrs . oxidation a t 
900°C. (200 x) 
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E X P E R I M E N T A L 
3.1.a Selection of Alloys 
High Chromium-Nickel S tee l s , v i z . , AISI-301, -304, 
-347 and MA-956 aus ten i t i c s t e e l s were used for the oxida-
t ion and decarburizat ion s tud ies . The s t e e l s were obtained 
commercially and t h e i r nominal compositions are given in 
Table 3 . 1 . 
3.1.b Gases Used 
H2/I^0 mixture was used for decarburization s tud ies . 
The mixture (H^/l^O) was passed through a mixture of oxalic 
ac id /oxal ic acid dehydrate a t 25°C to obtain a r a t i o of 
Pu Q/PU = 4 X 10 in flowing gas which corresponds to an 
oxygen pressure P .^ = lO""""^  bar a t 1000°C. Pure argon (99.9 %) 
^2 
was used for flushing the decarburization react ion tube before 
and a f t e r the experiments. Air or pure oxygen (99.9 */•) was 
used for oxidation s tud ies . 
3.1.C Specimen Preparation 
Specimens of 15 x 15 x 1 mm s ize were cut from s t ee l 
sheets . A 0. 4 mm suspension hole was d r i l l e d near the 
middle of one end of the specimen. The specimens were 
sealed in a quartz tube and annealed specimens at 900 C for 
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4 hrs. The annealed specimens were then polished sequentially 
witn 180-, 320- and 600 grade SiC papers. The specimens 
were washed with water and alcohol and degreased with CCl,. 
3.1.d Apparatus Used for Kinetic Studies 
A laboratory fabricated helical thermal balance 
(sensitivity +_ 0.5 mg) equipped with a cathetometer arrange-
ment was sused for the kinetic studies (Fig. 2.1). A nichrome 
wound vertical sliding furnace was used. The specimen was 
attached to the helic in the reaction tube fibre with a Pt 
loop at the lower end. After the balance had been poised, 
the hot furnace (at the required temp.) was raised around 
the sample and oxidation/decarburization commenced. 
3.1.6 Oxidation Kinetics 
The oxidation kinetic measurements for Cr- Ni-
austenitic steels were carried out at four different tempera-
tures : 700, 800, 900 and 1000°C in air for 2k hrs. 
3.1. f Decarburization Studies 
The decarburization studies were carried out at 900°C 
for 6 hrs. in a mixture of Hp/HpO. 
3.1.g Oxidation Kinetic i^ easurement for Decarburized Alloys 
The oxidation kinetic of tne decarburized alloys was 
carr ied out in a i r for 6-12 hrs . using the apparatus shown 
in Fig. 2 . 1 . 
3 .1 . h Metallographic Studies_ 
Metallographic s tudies were carr ied out using a 
Joietz Metallux-2 photometallurgical microscope. The speci -
mens for metallographic s tudies were mounted in cy l indr ica l 
shaped paper p i l l boxes using Araldi te as a cold se t t ing 
res in . The mounted specimens were hand abraded on 180-, 
380- and 600 grade SiC papers. The abraded specimens were 
then polished on a motor driven disc pol isher using d i f fe ren t 
grades of diamond paste (30 (a, 6 p and 1 p) using kerosine 
o i l as a lapping l iquid, Appropriate etchants were used to 
ident i fy the phases present in the microstructure. 
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RESUI.TS 
F i g u r e 3 . 1 r e p r e s e n t s w e i g h t g a i n v s t i m e p l o t s f o r 
t h e o x i d a t i o n of a l l o y s t e e l s e . g . A I S I - 3 0 1 , - 3 0 4 , - 3 2 1 , 
-3A-7 and MA-a56 a t 700-1000°C. The p l o t s i n g e n e r a l a r e 
2 p a r a b o l i c a s i n d i c a t e d by t h e l i n e a r n a t u r e of w e i g h t g a i n 
v s t i m e p l o t s ( F i g . 3 .2 and 3 . 3 ) . Tab le 3 .2 l i s t s t h e v a l u e s 
of p a r a b o l i c r a t e c o n s t a n t Kp f o r t h e o x i d a t i o n of a l l o y 
s t e e l s a t 7 0 0 , 800 , 900 and 1000°C. F i g . 2 . 6 shows A r r h e n i u s 
p l o t s f o r t h e same a l l o y s and Tab le 3 . 4 l i s t s t h e a c t i v a t i o n 
e n e r g i e s . 
Figures 3.6 and 3.7 show some typical photomicrographs 
of the alloys oxidized in air atdifferent temperatures. In 
general, the linear layers are those of chromia which are 
separated from the alloy matrix due to polishing artifacts. 
The outer scales are richer in FeO followed by scales 
containing NiO and Fe,0^. In some alloys as AISI 301 steel, 
the inner chromia scales are adhered to the alloy surface 
followed by a porous oxide scale containing FeO with inclusions 
of NiO and other oxides. Due to the presence of relatively 
thick Cr^O, film there is depletion of Cr in the alloy matrix 
and internal oxidation is observed. The carbide dispersion 
in the alloy seems to be vitually unaffected during oxidation. 
The decarburization kinetic of the alloy steels indicate 
virtually no or very minute weight loss (less than 0.1 mg) even 
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for the decarburization experiments run for several hours 
and therefore, no data of decarburization kinetic is given. 
The metallographic studies of the decarburized alloy-
steels show some changes typical of decarburization and as 
well as an increase in the amount of ferrite in the structure 
(Fig. 5.8). The weight gain vs time plots for the oxidation 
of decarburized alloy steels are given in Figure 3.^. The 
alloys oxidize by a parabolic rate law as indicated by the 
linear nature of weight gain vs time plots (Fig. 3.5). The 
values of parabolic constant, Kp'' for the oxidation of decar-
burized alloy steels are given in table 3.3. 
Some typical photomicrographs of the alloy steels in 
decarburized and oxidized conditions are given in Figures 
3.9 and 3.10. The oxidized alloys show the presence of thicker 
scales similar to those observed in undecarburized alloys. 
The matrix shows a typical ferrite structure in which disper-
sion of polygonal carbides could be found. 
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DISCUSSION 
A g lance on the va lues of r a t e c o n s t a n t , Kp i n d i c a t e s 
t h a t t he ox ida t ion r a t e s of a l l o y s t e e l s a re much lower 
than p l a i n carbon s t e e l . The amounts of carbon and chromium 
have profound in f luence on the ox ida t ion r a t e s of the a l l o y s . 
High Gr s t e e l s or s e n s i t i z e d s t e e l s have much lower ox ida t ion 
r a t e s than lower Cr s t e e l s or u n s e n s i t i z e d s t e e l s . For 
example, Incoloy MA-956 and AISI-3^7 have comparat ively 
lower ox ida t ion r a t e s than AISI-304 s t e e l . The presence of 
t r a n s i t i o n metal ca rb ide ne t work i n the s u b s t r a t e and the 
maintenance of the i n t e g r i t y of t h e chromia s c a l e i s respon-
s i b l e f o r t h e ox ida t ion r e s i s t a n c e or o t h e r s e n s i t i z e d s t e e l s . 
The i n t e g r i t y of t h e s c a l e s may not be maintained a t high 
tempera tures due t o d e c a r b u r i z a t i o n and in consequence, t h e 
c rack ing of the s c a l e s . 
The presence of a l l o y i n g a d d i t i o n s lowers the deca r -
b u r i z a t i o n r a t e s d r a s t i c a l l y as observed by the i n f i n i t e s i m a l 
weight l o s s e s during d e c a r b u r i z a t i o n . Two cases a re u s u a l l y 
encountered : ( i ) where l i t t l e or no d e c a r b u r i z a t i o n occurs 
due to the presence of an oxide s c a l e , which a c t s as a 
b a r r i e r l a y e r , the oxide s c a l e i s formed even a t extremely 
low oxygen p o t e n t i a l s e . g . , Cr, ( i i ) the presence of a 
s t a b l e c a r b i d e d i s p e r s i o n reduces the t r a n s p o r t of carbon 
e . g . , WC, VC, TaC e t c . 
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The decarburized-oxidized al loys shov/ oxide scales 
s imi iar to those obtained in undecarburized-oxidized al loy 
though more th icker , porous and f rag i le a comparison of the 
oxidation ra tes of undecarburized-oxidized and decarburized 
oxidized a l loys show that the oxidation ra tes are markedly 
higher for the l a t t e r (decarburized) than the former 
(undecarburi zed). The oxidation ra te for decarburized 
AISI-301 s tee l i s pa r t i cu l a r l y much higher than the undecar-
burized a l loy. A r e l a t i ve ly high carbon content (0.15 "/<.) 
provides higher degree of decarburization giving porous and 
disrupted scales and therefore responsible for much higher 
oxidation r a t e s . 
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Tab le 3 . 1 
Compos i t i on of t n e i n v e s t i g a t e d a l l o y s ( i n wt . Vo) 
S.No. 
1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
A l l o y 
Fe-C 
> f 
> > 
> > 
A I S I - 3 0 1 
A I S I - 3 0 4 
A l S I - 3 2 1 
AISI -347 
I n c o l o y 
MA-956 
Fe 
b a l -
ance 
C 
0 . 1 
0 . 4 
0 . 8 
1.2 
0 .15 
0 .08 
0 . 0 8 
0 . 0 8 
0 .05 
Ni 
-
-
-
-
8 
1 0 . 5 
12 
12 
Cr 
-
-
-
-
18 
18 
19 
19 
20 
Mn 
0 . 1 
> » 
J > 
f > 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
S i 
0 . 1 
> > 
> > 
> > 
1 .0 
1 .0 
1 .0 
1 .0 
o t h e r s 
-
-
-
-
-
-
T i : 5 X C 
Nb+Ta=10xC 
Y20^ :0 .5 
Al : 4 .5 
Ti : 0 . 5 
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T a b l e 3._3 
P a r a b o l i c r a t e c o n s t a n t s f o r o x i d a t i o n of d e c a r b u r i z e d 
a u s t e n i t i c s t e e l s 
S.No. Al loy 
Kp, kg^ .m'^ .Sec"- ' - x 10"-'-° 
900°C 
1 . AISI -301 2260 
2 . A I S I - 3 0 4 4750 
5. A lS I -321 60 
4 . A lSI -547 
5 . MA-956 10 
Tab le J>.h 
V a l u e s of A c t i v a t i o n e n e r g y f o r t h e o x i d a t i o n of a u s t e -
n i t i c s t e e l s 
S.No. A l l o y A c t i v a t i o n Energy K c a l / m o l e 
1. 
2. 
3. 
4. 
AlSI-301 
AISI-304 
AISl-321 
MA-956 
0 . 9 0 
4 . 4 4 
4 . 3 4 
4 . 3 4 
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FIGURE CAPTIONS 
Figure No. 
3.1 Weight gain vs time p lo t s for the oxidation of 
AISI-301, -521, -3^7 and MA-956 al loys a t 700, 
800, 900 and 1000°C for 2k hrs . 
3.2 (weight gain) vs time for the oxidation of 
AISI-301, -321 and MA-956 al loys a t 700, 800, 
900 and 1000°C for 24 hrs . 
3.3 Weight gain vs time and (weight gain) vs time 
p lo ts for the oxidation of AISI-30A and AISI-304, 
-321, -347 al loys at 700, 800, 900 and 1000°C for 
24 hrs . respect ively . 
3.4 Weight gain vs time p lo t s of AISI-301, -304, -321, 
-347 and MA-956 al loys decarburized for 6 hrs . 
followed by 12 hrs . oxidation. 
3.5 Weight gain vs time plots of AlSI-301, -304, 
-321 and MA-956 al loys decarburized for 6 hrs . 
followed by 12 hrs . oxidation. 
5.6 Photomicrograph of the cross-sec t ion of oxidized. 
AlSI-347 alloy a t 1000°C for 24 hrs . (200 X) 
3.7 Photomicrograph of the cross-sec t ion of oxidized 
AlSI-301 al loy a t 1000°C for 24 hrs . (200 X) 
7U 
Fig. No. 
3.8 Photomicrograph of the cross-sec t ion of decar-
burized AlSI-3^7 al loy a t 900°C in H2O/H2 mixture 
for 6 hrs . (200 X) 
3.9 Photomicrograph of the cross-sect ion of AlSI-521 
al loy decarburized and oxidized.for 6 hrs . and 
12 hrs . respect ively . (200 X) 
3.10 Photomicrograph of the cross-sect ion of AlSI-30^ 
decarburized and oxidized for 6 hrs . and 12 hrs . 
respect ively . (200 X) 
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C H A P T E R - IV 
E X P E R I M E N T A L 
^«1•a F a b r i c a t i o n of Alloys 
T r a n s i t i o n metal c a r b i d e - d i s p e r s e d i r o n - b a s e a l l o y s 
were prepared by powder compacting and s i n t e r i n g t echn iques . 
T r a n ^ t i o n metal c a r b i d e powders (TiC, VC, Cr^C^, ZrC, NbC, 
MoC, HfC, TaC, WC, and Fe,C) of 99 .9 Vo p u r i t y were imported 
from CERAC, USA. The high p u r i t y i r o n powder (99 .99 ' / . ) 
was a g i f t from Smters tah i GmbH, West Germany. Table ts of 
1.45 cm d iameter were prepared by i n t i m a t e l y mixing Fe-10 % 
MC (by wt . ) powders i n an aget mor tar . The t o t a l amount of 
t h e mixture used f o r each t a b l e t was about 2 .0 gm. The 
mixture was put i n a s t e e l mould and was compacted a t 15 
2 tons/cm wi th a hydrau l ic p r e s s . The green t a b l e t s were 
s i n t e r e d i n a quar tz tube p laced i n a g lobe r t u b u l a r 
furnace (F ig . 4 .1) under dry hydrogen atmosphere a t 1000°C 
fo r 2 h r s , and then annealed in a N^ atmosphere a t 1200°C 
fo r 1.1/2 h r s . Each t a b l e t g ives a uniform, homogenous and 
f ine 2-phase s t r u c t u r e except i n case of ZrC and HfC c a r b i d e s . 
4 .1 .b Gases Used 
High purity dry H2(g) (99.9 7o) and N2(g) (99.9 Vo) 
gases were used for sintering of alloys. Hp^^'^ saturated 
with water and passed through a mixture of oxalic acid and 
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oxalic acid dehydrate was used for decarburization experi-
ments. Pure argon (99.9 Vo) was used for flushing the 
apparatus before and a f t e r the run. Air or pure Op (99.9 '/») 
was used for oxidation s tudies . 
4.1.c Specimen preparat ion 
The annealed t ab l e t s were polished sequent ial ly with 
180-, 320- and 600- grade SiC papers. The specimens were 
then washed with water and alcohol and degreased with CCl^. 
4.1.d Apparatus Used for Kinetic Studies 
A laboratory fabricated he l ica l thermal balance 
(Fig. 2.1) attached with a cathetometer was used for k ine t ic 
measurements. The specimens were suspended in the react ion 
tube to a quartz helic through a quartz f ib re , with a Pt loop 
at the end. 
4 . 1 . e Oxidation Kinetics 
The oxidation k ine t ic measurements for t r ans i t i on 
metal carbide dispersed iron-base al loys were carr ied out 
at 900-1000°C in a i r for 6-12 hrs . 
4 . 1 . f Decarburization Studies 
Transit ion metal carbide dispersed iron-base al loys 
were decarburized in H2-H2O atmosphere a t 900°C. The Vi^/'^-p 
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mixture was flowed a t a r a t e of 100 ml/min. Through a 
mixture of oxalic acid/oxal ic acid dehydrate. The decar-
burizat ion runs were usually of 6-7 hrs durat ion. The 
decarburizat ion kinet ic was carr ied out in s imi la r apparatus 
as tha t used for oxidation s tudies . Pure argon (99.9 %) 
was.used for flushing the reaction tube before and a f te r the 
decarburizat ion experiments. 
4 . 1 . g Metallographic Studies 
The oxidized and decarburized t ab le t s were mounted 
using Araldi te as a cold se t t ing res in . The mounted specimens 
were hand abraded at d i f ferent grade SiC papers. The specimens 
were polished sequent ia l ly on 40 p, 8 p, 6 (i and 1 p grade 
diamond pastes using refined mobile oi l as a lapping l iqu id . 
Lietz Metallux-2 photoraetallurgical microscope was used for 
metallographic examination. 
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RESULTS AND DISCUSSION 
T y p i c a l p h o t o m i c r o g r a p h s of t h e c a r b i d e - d i s p e r s e d 
a l l o y s a r e shown i n F i g u r e s 4 . 2 4 and 4 . 5 2 . The m i c r o g r a p h s 
show n e a r l y homogeneous s t r u c t u r e s c o m p r i s i n g of c a r b i d e 
p a r t i c l e s d i s p e r s e d i n i r o n m a t r i x . 
F i g u r e s 4 .3 and 4 .2 show v/e ight g a i n v e r s u s t ime 
p l o t s f o r t h e o x i d a t i o n of Fe-MC compact s i n t e r e d a l l o y s 
(where MC i s Fe^C, TiC, ^C, NbC, TaC, Cr^C^, WC, MoC and 
HfC) a t 900 and 1000°C i n a i r . F i g u r e s 4.5 and 4 . 4 show 
2 
w e i g h t g a i n v s t ime p l o t s f o r t h e same c o m p o s i t e s . I n 
g e n e r a l , t h e m a t e r i a l s f o l l o w a p a r a b o l i c r a t e a s i s e v i d e n t 
from p a r a b o l i c n a t u r e of w e i g h t g a i n v s t i m e p l o t . Table 
4 . 1 l i s t s t h e v a l u e s of p a r a b o l i c r a t e c o n s t a n t , Kp f o r t h e 
c a r b i d e d i s p e r s e d a l l o y s . 
F i g u r e s 4 . 6 - 4 . 1 0 r e p r e s e n t t y p i c a l p h o t o m i c r o g r a p h 
of t h e c a r b i d e d i s p e r s e d compacts o x i d i z e d a t 900 and 1000°C 
i n a i r . The m i c r o g r a p h s show t h e p r e s e n c e of a m a s s i v e 
raultilayered s c a l e . The o u t e r l a y e r s a r e c o n s i s t e d main ly 
of Fe^O, and t h e i n n e r d a r k l a y e r s a r e c o n s i s t e d of a s p i n e l 
FeO.M„0 o r a d d i t i o n compound M o . The o u t e r l a y e r i n d e e d 
^ X ^ X 
forms the bulk of the scale. The inner layer is quite 
adhered though slightly porous and is separated from the 
outer layer due to artifaction or stresses. There seems to 
De inclusion of carbices in the inner layers of the oxide 
scale. 
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Figures 4 .11-4 .35 r ep re sen t su r f ace and c r o s s - s e c t i o n a l 
photomicrographs of Fe-MC s i n t e r e d compacts i n the decarbu-
r i z e d s t a t e , A comparison of the decarbur ized a l l o y s wi th 
those of p l a i n undecarburized s i n t e r e d compacts r e v e a l s 
a p p r e c i a b l e e l i m i n a t i o n of carbon from the ma t r ix and 
presence of extended reg ions of f e r r i t e . The ca rb ide n e t -
work i s however not s e r i o u s l y a f fec ted during d e c a r b u r i z a -
t i o n a l though t h e r e a re i n d i c a t i o n s of some c a r b i d e -
d e p l e t i o n i n the mat r ix . 
The ox ida t ion of ca rb ide d i spe r sed compact fol lows a 
p a r a b o l i c r a t e law a t 900 and 1000°C thus i n d i c a t i n g t h e 
involvement of a d i f fus ion c o n t r o l l e d p rocess during ox ida t ion . 
The growth of oxide i s mainly due t o i r o n d i f f u s i o n . The 
ca rb ide e i t h e r remain uneffec ted or i nco rpo ra t ed i n t h e 
s c a l e s . The ox ida t ion r a t e sequences a t 900 and 1000°C 
foll|Ow t h e o rder ; 
900°C : FeX < WC < TiC < MoC < TaC < Cr^C^ < NbC < VC 
1000°C : WC < Fe,C < TiC < TaC < Cr^C^ < MoC < VC < NbC 
With a few excep t ions , t h i s sequence i s s i m i l a r t o t h a t 
observed i n ca rb ide d i spe r sed i r o n - b a s e a l l o y s a t 850 C 
WC < VC < NbC < TaC < TiC < Fe^C < Cr„C, 
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Furthermore, the oxidation ra tes of s intered 
compacts are about 2-order of magnitude higher than those 
of carbide dispersed iron-Dase al loys under cast 
condi t ions. 
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T a b l e 4 . 1 
P a r a b o l i c r a t e c o n s t a n t s f o r o x i d a t i o n of c a r b i d e - d i s p e r s e d 
I r o n - B a s e ;AJ.loys 
S.No. A l l o y Kp, k g ^ . M ^ s e c - ^ x lO"^ 
1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
Fe-lOTiC 
Fe-lOVC 
Fe- lOCryC, 
Fe-lONbC 
Fe-lOMoC 
Fe-lOTaC 
Fe-lOWC 
Fe-lOFe^C 
900°C 
309 
1301 
6 3 ^ 
1050 
440 
540 
203 
98 
1000°C 
468 
1139 
661 
1168 
913 
531 
255 
319 
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FIGURE CAPTIONS 
Figure No. 
4.1 Schematic diagram showing the apparatus used for 
sintering. 
4.2 Weight gain vs time p lo t s for the oxidation of carbide 
dispersed iron-base al loys a t 1000°C for 6 hrs in a i r . 
4.3 Weight gain vs time p lo t s for the oxidation of carbide 
dispersed iron-base alloy a t 900°C for 6 hrs in a i r . 
I 
4.4 (Weight gain) vs time p lo t s for the oxidation of 
carbide dispersed iron-base al loy a t 1000 C for 
6 hrs in a i r . 
4.5 (weight gain) vs time p lo t s for the oxidation of 
carbide dispersedi i ron-base a l loy a t 900°C for 6 hrs . 
in a i r . 
4.6 Optical photomicrograph of the c ross-sec t ion of Fe-
10 "h NbC al loy oxidized for 6 hrs a t 900°C in a i r . 
(200 X). 
4.7 Optical photomicrograph of the cross-sec t ion of Fe-
10 % NbC alloy oxidized for 6 hrs . a t 1000°C in a i r . 
(200 X). 
4.8 Optical photomicrograph of the c ross-sec t ion of Fe-
10 Vo WC alloy oxidized for 6 hrs . a t 900°C in a i r . 
(200 X). 
4.9 Optical photomicrograph of the c ross-sec t ion of Fe-
10 % MoC alloy oxidized a t 1000°C for 6 hrs in a i r . 
(200 X) . 
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Fig. No. 
4.10 Opt ica l pnotomicrograph of the c r o s s - s e c t i o n of Fe-
10 7o Cr^C, a l l o y oxidized a t 900°C for 6 h r s . i n a i r . 
(200 X)' 
4.11 Opt ica l photomicrograph of t h e c r o s s - s e c t i o n of Fe-
10 % Tie a l l o y decarbur ized fo r 2 h r s . a t 1000°C i n 
H^O/ti^ig) mix ture . (200 X) 
4.12 Opt ica l photomicrograph of the su r face of Fe-10 */o 
NbC a l l o y s i n t e r e d and annealed for 2 h r s . and 1.1/2 
h r s . i n dry H2(g) and N2(g) a t 1000°C and 1200°C 
r e s p e c t i v e l y . (500 X) 
4.13 Opt ica l photomicrograph of the sur face of Fe-10 % NbC 
a l l o y decarbur ized fo r 6 h r s . a t 900°C i n H20/H2(g) 
mix tu re . (500 X) 
4 .14 Opt ica l photomicrograph of the su r face of Fe-10 % TaC 
a l l o y s i n t e r e d and annealed for 2 h r s . and 1.1/2 h r s . 
i n dry H2(g) and N2(g) a t 1000°C and 1200°C 
r e s p e c t i v e l y . (200 X) 
4.15 Opt ica l photomicrograph of t h e sur face of Fe-loVo TaC 
a l l o y decarbur ized fo r 6 h r s . a t 900°C i n H20/Hp(g) 
mixture (200 X) 
4.16 Opt ica l photomicrograph of t h e su r face of Fe-10 % 
CryC:^ a l l o y s i n t e r e d and annealed for 2 h r s . and 1.1/2 
h r s . i n dry H2(g) and N2(g) a t 1000 and 1200°C 
r e s p e c t i v e l y . (500 X) 
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4.17 Opt ica l photomicrograph of the su r face of Fe-10 % 
CryC^ a l l o y decarbur ized for 5 h r s . a t 900°C i n 
H20/H2(g) mix ture . (500 X) 
4.18 Opt ica l photomicrograph of the sur face of Fe-10 % MoC 
a l l o y s i n t e r e d and annealed for 2 h r s . and 1,1/2 h r s . 
i n dry ti^{g) and N^Cg) a t 1000 and 1200°C r e s p e c t i v e l y . 
(200 X) 
4.19 Opt ica l photomicrograph of the su r face of Fe-10 % MoC 
a l l o y decarbur ized f o r 6 h r s . a t 900°C i n H20/H2(g) 
mix ture . (200 X). 
4.20 Opt ica l photomicrograph of the su r face of Fe-10 % 
MoC a l l o y s i n t e r e d and annealed for 2 h r s . and 1.1/2 
h r s . i n dry E^{g) and N2(g) a t 1000 and 1200°C 
r e s p e c t i v e l y . (500 X). 
4.21 Opt ica l photomicrograph of the su r face of Fe-10 % MoC 
a l l o y deca rbur ized for 6 h r s . a t 900°C i n H20/H2(g) 
mix ture . (500 X). 
4.22 o p t i c a l photomicrograph of the sur face of Fe-10 % 
FeJ2 a l l o y s i n t e r e d and annealed fo r 2 h r s . and 1.1/2 
h r s . i n dry H2(g) and H2(g) a t 1000 and 1200°C 
r e s p e c t i v e l y . (200 X). 
4 .23 Opt ica l pnotomicrograph of t h e su r face of Fe- 1 0 % 
FeJZ a l l o y decarbur ized for 6 hrs a t 900 C i n H20/H2(g) 
mix tu re . (500 X) 
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4.24 Optical photomicrograph of the cross-sec t ion of 
Fe-10 % TiC al loy s intered and annealed for 2 hrs . 
and 1.1/2 hrs . in dry H2(g) and N2(g) a t 1000 and 
1200°C respect ively . (100 X) 
4.25 Optical photomicrograph of the cross-sec t ion of Fe-
10 7o TiC al loy decarburized for 6 hrs . a t 900°C 
in H20/H2(g) mixture. (100 X)_ 
4.26 Optical photomicrograph of the cross-sec t ion of Fe-
10 % Cr^C^ al loy s intered and annealed for 2 hrs . 
and 1.1/2 hrs . in dry H2(g) and N2(g) a t 1000 and 
1200°C respect ively . (100 X) 
4.27 Optical photomicrograph of the cross-sec t ion of Fe-
10 7o Cr^C, al loy decarburized for 6 hrs . a t 900°C in 
H20/H2(g) mixture. (100 X) 
4.28 Optical photomicrograph of the cross-sec t ion of Fe-
10 Vo VC al loy s intered and annealed for 2 hrs . and 
1.1/2 hrs in dry H2(g) and N2(g) a t 100 and 1200°C 
respect ively . (100 X) 
4.29 opt ical photomicrograph of the cross-sec t ion of Fe-
10 Y^  VC alloy decarburized for 6 hrs . a t 900°C in 
H20/Hp(g) mixture. (100 X) 
4.30 Optical photomicrograph of the cross-sec t ion of 
Fe-10 Vo TaC alloy s intered and annealed for 2 hrs and 
1.1/2 hrs . in dry H2(g) and N2(g) a t 1000 and 1200°C 
respect ively . (100 X) 
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4.31 Opt ica l photomicrograph of t h e c r o s s - s e c t i o n of 
Fe-lOVo TaC a l l o y decarbur ized fo r 6 hrs a t 900°C 
i n H20/H2(g) mix ture . (100 X) 
4.32 Opt ica l photomicrograph of the c r o s s - s e c t i o n of 
Fe-10 % WC a l l o y s i n t e r e d and annealed fo r 2 h r s . 
and 1.1/2 h r s . i n dry H2(g) and N2(g) a t 1000 and 
1200°C. (100 X) 
4.33 o p t i c a l photomicrograph of the c r o s s - s e c t i o n of 
Fe-10 % WC decarbur ized for 6 h r s . a t 900°C i n 
H20/H2(g) mixture . (100 X) 
4.34 o p t i c a l photomicrograph of the c r o s s - s e c t i o n of Fe-
10 % Fe,C a l l o y s i n t e r e d and annealed for 2 h r s . and 
1.1/2 h r s . in dry H2(g) and N2(g) a t 1000 and 1200°C 
r e s p e c t i v e l y . (100 X) 
4.35 I Opt ica l photomicrograph of t h e a r o s s - s e c t i o n of 
Fe-10 % Fe,C a l l o y decarbur ized for 6 h r s . a t 900°C 
i n H20/H2(g) mix ture . (100 X) 
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